An innovative damping induced by magnetic force was designed successfully for a totally passive magnetic bearing motor. A magnetic ring of high permeability and an annular-shaped rubber pad were mounted on the stator 0.55 mm below the permanent magnet of the rotor. Computer simulations were compared with experimental measurements to decide on the material and configuration of the critical components. The natural frequencies for lateral and rotational modes of the rotor are around 22 Hz measured by impulse method. Both the magnetic bearing motor with and without magnetic damping are rotated at a rated speed of 3840 rpm, which is far above the first critical speed of 1305 rpm. Without magnetic damping, the natural damping ratio in the radial direction of the rotor is 0.0655. After damping, it increases to 0.1401. We have demonstrated by both experimental measurement and theoretical calculation that the antishock performance is significantly improved by the innovative damping technology in a passive magnetic bearing motor.
I. INTRODUCTION
Passive magnetic bearing 1,2 is one of the solutions to achieve low noise and long life span of the spindle motors that are applied in the data storage disk drives, such as hard disk drive ͑HDD͒ and digital versatile disk ͑DVD͒ devices. However, the magnetic bearing system has a disadvantage that is a lack of damping. Therefore, in the spindle motor systems which support on these bearings can be expected likewise to show very small damping. This condition is revealed by very large amplitudes as rotors transverse their critical speeds, great sensitivity to unbalanced conditions, and poor resistance to instability. There are some methods [3] [4] [5] for introducing damping into passive magnetic bearing systems by using a resilient material. In general, these configurations rely on constructing an intermediate housing that is supported by a ball between the rotor and stator. The damping material is positioned between the housing and the stator. The housing adds to system complexity and causes a reduction in the resonant frequency. In addition, the stiffness and damping are coupled. In this study, an innovative damping induced by a magnetic force is investigated for the magnetic bearing motor systems. Figure 1 shows the configurations of the magnetic bearing motor. The ratio of slot number to pole number is 4:4. The radial air gap between the stator and the rotor was fixed to 7 ϫ 10 −4 m. A Ba-ferrite ring with an inner diameter of 3.14ϫ 10 −2 m, axial length of 1.34ϫ 10 −2 m, and outer diameter of 3.94ϫ 10 −2 m was used for the magnetic rotor. Outside of the Ba-ferrite ring, an iron yoke with an outer diameter of 4.1ϫ 10 −2 m was attached. The magnetic bearing spindle motor was designed under the conditions of the rated speed which is 3840 rpm. Two permanent magnetic annular magnetic rings were mounted on a shaft and two annular magnetic rings were mounted on a stator. The shaft bottom contacted the thrust plate. The magnet geometry has been optimized in order to increase the restoring force in the radial direction. NdFeB magnets with ͑BH͒ max of 45 MGOe were used. The dimensions of the rotating and stationary magnets are as follows. The OD of the rotating magnet is 6 ϫ 10 tating and stationary magnets had a slight 5 ϫ 10 −4 -m radial air gap. Both rotating and stationary magnets had the same magnetization direction along the axial axis. The axial distance between upper magnetic bearing and lower one is 7.5 ϫ 10 −3 m. In order to improve the damping of the magnetic bearing motors, a configuration has been designed. The damping device is comprised of a magnetic ring with high permeability and an annular rubber pad ͑the damping is 0.2 N s/m͒, which is attached to the stator. It has the same outer and inner diameters with the permanent magnet of the motor and is 0.55 mm below it. The undesired rotor vibration forces are transmitted from the rotor permanent magnet through the magnetic field. The resistance of the rubber pad to the vibrations results in frictional forces, thus dissipating the vibration energy.
II. DESIGN AND SIMULATION
The damping ratio is chosen as an index to evaluate the improvement of the damping. The static state of the rotor is considered. To carry out the analytic analysis easily, the simplified model is assumed, as shown in Fig. 2 . It shows that the rotor is supported by two magnetic bearings. Suppose that the rotor can do the translation and rotation motions in only one degree of freedom. The damping can be adjusted by varying the material of the rubber pad and the thrust plate is frictionless. Refer to Newton's second law, a mass distribution m, the equation of motion is as follows:
Each of the two magnetic bearings is linked to an elasticity and damping parameter k and c, respectively, with indices 1 and 2. The l 1 and l 2 represent the length from the position of the center of mass to the lower and upper magnetic bearings. The x denotes the displacement for the simplified case of translation displacement along the X axis. is the angle of the rotor rotated about the center of mass position relative to the Y axis.
Finite element analysis ͑FEA͒ was used to analyze the magnetic force of the magnetic bearing motor. Approach to this computation of radial force of the development system, the stator was fixed and the rotor was shifted along the positive X axis as the following five different positions, 0, 1 ϫ 10 −4 , 2ϫ 10 −4 , 3ϫ 10 −4 , 4ϫ 10 −4 , and 4.9ϫ 10 −4 m. Three relative positions of magnetic inner and outer rings were shown in Fig. 3 . Figure 3͑a͒ shows no radial displacement of the rotor along positive X axis. The displacement of the rotor along positive X axis is 3 ϫ 10 −4 m in Fig. 3͑b͒ . Figure 3͑c͒ shows a radial displacement of the rotor along positive X axis of 4.9ϫ 10 −4 m. Since the radial force was known, then the radial stiffness of 1288 N/m of the magnetic bearing is perfectly determined.
III. EXPERIMENTAL TESTING
For measuring the damping ratio, a miniature hammer is included in this testing system. When magnetic motor was in its static state, an accelerometer was attached to the rotor in the radial direction. The hammer gave an impact shock in the radial direction of the rotor as the input driving force and the rotor of the magnetic bearing motor was excited and vibrated. The radial acceleration of the rotor was measured by using the accelerometer and the time response of the rotor was recorded. By using the fast Fourier transform ͑FFT͒, the frequency domain of the radial runout could be obtained. From the frequency impulse method the damping ratio was calculated by the general equation, = ␦ / n d . The ␦ was equal to ln͑x 1 / x 2 ͒, where the x 1 and x 2 were the peak amplitudes chosen from the time response profile. Figure 4 shows the time response and frequency response without the damping device from the experiment. Without the damping device, the measured damping ratio is 0.0655. From the experimental data it indicates that the natural frequency of original magnetic bearing motor is 23.5 Hz. To perform the calculation of the damping ratio with the damping device, the values of parameters as follows are considered. Damping c = 0.2 N s / m was chosen, l 1 = 7.85 ϫ 10 −3 m, l 2 = 3.65ϫ 10 −3 m, c 1 = c 2 =0.2 N s/m, k 1 = k 2 = 1288 N / m, and m = 7.1ϫ 10 −2 kg. Then the differential equations ͑1͒ and ͑2͒ were solved. According to the same parameters that are used in the analytical analysis, the experiment was performed. The damping ratio of the experimental and analytical model is 0.1401 and 0.1170, respectively. It has the same significant levels of passive radial damping.
IV. RESULTS AND DISCUSSION
Both the results obtained from the two methods in the damping ratio are greater than 0.1. The corresponding natural frequencies are 21.75 and 19 Hz, respectively. It has the same agreement with the damping ratio and the natural frequency. The system resonance is avoided. Because the rated speed is around 64 Hz and the experimental and analytical model data in natural frequency are 42.25 and 45 Hz below 64 Hz, respectively. Figure 5 shows the time response and frequency response with the damping device from the experiment. The damping device applied in the developed magnetic bearing system, the ratio in the damping ratio of our device to the original device is 214%.
V. CONCLUSION
The damping device is applied in the developed magnetic bearing system and the ratio in the damping ratio of our device to the original one is 214%. The natural frequencies for lateral and rotational modes of the rotor are around 22 Hz measured by the impulse response method. It is 42 Hz below the rated speed of 64 Hz, therefore, the system resonance is avoided completely. Finally, we have demonstrated that the antishock performance is significantly improved by our innovative damping technology in a passive magnetic bearing motor which will be useful for high-density data storage applications.
